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Abstract—Located in the South-East of the North Sea, the 
German Bight is strongly influenced by high anthropogenic 
impacts like commercial fishing, offshore wind farms, shipping, 
dredging and disposal activities and tourism. The intensified 
use and the commercial exploitation will make it essential to 
predict the evolution of the sea bed for decades. Numerical 
models can be a powerful tool to contribute to this challenging 
issue and to provide a basis for decision-making. This article 
introduces a coupled numerical model based on the 
TELEMAC system for the German Bight to predict the long 
term and large scale morphodynamic development. 
I. THE GERMAN BIGHT 
The German Bight is a large bay located in the South-
East of the North Sea, bounded by the Dutch, the German 
and the Danish coastline. The morphology is characterised by 
the barrier island systems of the Frisian Islands, the intertidal 
area of the Wadden Sea, and three main estuaries of the Elbe 
River, the Weser River and the Ems River (Fig. 1). 
With an average water depth of approximately 30 m, the 
German Bight is relatively shallow in contrast to the North 
Sea, which has an average water depth of about 100 m and a 
maximum value in the Norwegian Trench of about 725 m. 
Larger areas with maximum depths up to 60 m are located in 
the central part (Fig. 1). The Dogger Bank, a large shallow 
area, is a natural boundary to the adjacent part of the North 
Sea in the north-westerly and westerly direction. The water 
depths in this area are between 20 m and 30 m. 
The tidal wave enters through the English Channel and 
the northern connection to the Atlantic Ocean, causing a tidal 
range between three and four meters. The semidiurnal M2-
tide dominates and induces a 12.25-hour rhythm of ebb and 
flow. Exposed to the prevailing westerlies, storm surges and 
high waves contribute to the morphodynamic evolution of 
the coastal area. 
Fig. 2 shows the sediment distribution of the upper 
stratum of the sea floor. The classification used here is based 
on the Udden-Wentworth scale and the median grain 
diameter d50. The sediment distribution is a result of 
deposition during the Quaternary, the geological youngest 
period of Earth’s formation, and relocation of these 
sediments by tide and wind-induced waves. Very fine sand 
and Medium sand predominate in the upper stratum. 
Sediments with a larger d50 do not occur significantly in the 
German Bight. In contrast, one can find partially wide areas 
with cohesive sediments, summarised in one sediment class 
denoted as Coarse silt in Fig. 2. Examples are the area south-
east of the Island of Heligoland or the Wadden Sea. 
Due to the geological development, the sediment 
available for sediment transport is in general limited by a 
non-erodible horizon, the basis of Holocene sediments. The 
sediment thickness varies between a few meters around the 
East Frisian Islands and approximately 15 m in the south-
easterly part of the German Bight and the area of the North 
Frisian Islands [1]. 
 
 
Figure 1.  Overview of the German Bight. 
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Figure 2.  Sediment distribution in the German Bight. 
II. SIMULATION MODEL 
To simulate the long-term morphodynamic evolution of 
the German Bight, a coupled numerical model was developed 
based on the Finite-Element system TELEMAC [2]. The 
models used are the hydrodynamic model TELEMAC-2D [3] 
for calculating depth-averaged flow, the third generation 
wave model TOMAWAC [4] to obtain sea state parameters 
and the morphodynamic model SISYPHE [5]. 
The simulation model can take into account the tide-
induced and wind-induced forces on the hydrodynamics to 
calculate depth-averaged velocities in the model domain. 
Based on two-dimensional velocities, fractionated sediment 
transport as bed load and as suspended load is modelled. The 
Exner equation is solved iteratively to update the bed 
morphology. The effect of waves is considered by calculating 
the wave-induced bed shear stress. According to the 
integrated modelling approach of the TELEMAC system, all 
models use the same Finite Element grid.  
The hydrodynamic model TELEMAC-2D and the 
morphodynamic model SISYPHE are coupled in a direct 
way. At each simulation time step, the hydrodynamic model 
calculates the depth-averaged flow field and the water depth. 
These results are passed to SISYPHE. After calculating 
sediment transport and the resulting bed evolution, the 
updated bed level and the new bed roughness are passed back 
to TELEMAC-2D. The mean period, peak frequency and 
mean direction are calculated a priori with the TOMAWAC 
model and saved as a binary file. For simulations with wind 
and wave influence, the TOMAWAC file is read and the sea 
state is interpolated at every time step according to the actual 
simulation time to match the wind field from TELEMAC-
2D. 
For accelerating the simulations, the parallel version of 
TELEMAC is applied that uses a Message Passing Interface 
(MPI) implementation to take advantage of parallel 
computing power. With a number of 16 processors and a 
time step of 200 s, which is used for all the results presented 
in this paper, and taking into account tide, wind and wave 
forcing a simulation for 100 years requires approximately 25 
days of real simulation time on the mesh with 70.000 
elements. 
III. GRID, BOUNDARY AND INITIAL CONDITIONS 
The simulation domain covers the North Sea, the English 
Channel and the adjoining area to the Baltic Sea. The 
unstructured finite element mesh consists of nearly 70.000 
triangular elements and is applied to all simulation models. 
For detailed simulations, a high resolution mesh with 
approximately 2 million elements is used. 
At the open boundaries to the Atlantic Ocean tidal 
elevations are imposed. 14 harmonics extracted from the 
FES2004 [6] tidal data are applied. Hourly wind field data is 
obtained from the German Weather Service for the years 
from 1996 until 2006. The whole structured data is 
interpolated on the unstructured simulation grid. Fresh water 
inflow is considered for the Elbe River with 870.0 m3/s [7], 
the Ems River with 80.1 m3/s [8] and the Weser River with 
324.0 m3/s [8]. These values represent the multi-annual mean 
discharge. In case of simulations with wave influence, the sea 
state computed a priori by TOMAWAC is used to calculate 
the wave orbital velocity within the morphodynamic model 
SISYPHE. 
The bed composition of the sea floor is modelled by one 
cohesive fraction and six non-cohesive fractions. For each 
sediment fraction a characteristic grain diameter was defined 
as followed: Coarse silt (d = 4.7 x 10-5 m), Very fine sand  
(d = 9.4 x 10-5 m), Fine sand (d = 1.875 x 10-4 m), Medium 
sand (d = 7.5 x 10-4 m), Coarse sand (d = 1.5 x 10-3 m) and 
Very fine gravel (d = 3 x 10-3 m). Fig. 2 shows the initial 
sediment distribution in term of sediment classes. The active 
layer thickness was calculated as three times the mean grain 
diameter and the initial thickness of available sediment is set 
to a fixed value of 20 m. 
The long term simulations were carried out over a period 
of 100 years with the initial bathymetry from 2006 and the 
wind- and wave forcing of the calendar year 2006. For the 
medium term sensitivity analysis the period from 1998 to 
2006 was simulated with tide, wind and wave forcing. To 
compare the influence of the grid size, the year 2006 with 
tide forcing only was chosen. The initial bathymetries and the 
sediment distribution are obtained from an advanced data-
based model, providing high-resolution data for every node 
of the computational grid. Initial values for the velocities and 
the free surface elevation are set to zero for each simulation. 
The Bijker formula was chosen for the long term simulations 
over 100 years and for simulations over 1 year to account for 
current and combined current-wave induced bed load 
transport. The Bailard formula was applied for 10-year 
simulations to appraise the sensitivity of the results in terms 
of the bed load formula. 
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IV. RESULTS 
A. Tide-driven morphodynamics 
The results for the bed level and bed evolution are 
illustrated in Figs. 3 and 4. During the simulation period the 
large scale morphology does not change much. Comparing 
the initial state (Fig. 3, top) and the bed level after 100 years 
(Fig. 3, bottom), one can recognise that the deeper parts in 
the central German Bight show no significant change and the 
morphological most active area is between the –20 m isobath 
and the coastline. 
Around the East and West Frisian Islands significant 
deposition and erosion patterns occur at the ebb tidal deltas 
and in tidal inlets (Fig. 4, top). In the area of the mouths of 
Elbe River and Weser River some tidal channels show a 
migration eastwards (“+” in Fig. 4, top) whereas some 
channels are only deepened. The largest erosion and 
deposition patterns are located around 6 x 106 m North and 
3.45 x 106 m East, which is the area east of the Island of 
Heligoland. Fig. 4 (top) shows that the sediment is eroded at 
a wide area, transported in eastern direction and deposited 
more closed to the coast. As a result, after 100 years a 
channel has developed, marked with an “X” in Fig. 4 (top). 
Mainly deposition occurs at the tidal flats, which are 
located approximately between the –2 m and the 2 m 
isobaths, in the whole model domain. The development of 
the tidal flat area shows Fig. 4 (bottom). After a simulation 
time of 100 years the area remains nearly constant with a 
small loss of 53 x 106 m2. The volume increased by 7.28 x 
108 m3, which is an average accumulation of approximately 
18.22 cm. Even if this result sounds reasonable, one should 
bear in mind that consolidation of cohesive sediments is not 
accounted for in the simulation model presented in this 
article. 
B. Morphodynamic evolution under the influence of tide, 
wind and wave 
Fig. 5 (top) shows the bed level after a simulation period 
of 100 years with the influence of tide, wind and wind-
induced waves. The bed level is very similar to the 
simulation with tide forcing only. Large scale morphological 
changes, e.g. development of a new channel system or 
removal of outer sand banks, do not occur. But the analysis 
of the difference between this simulation and the simulation 
with tide forcing only shows that due to wave-induced wave 
shear stress, the morphodynamics increases between the –5 
m and the –20 m isobaths (Fig. 5, bottom). The tidal flat area 
remains nearly unchanged with a loss of 67 x 106 m2 and an 
increased volume of 7.16 x 108 m3. The average 
accumulation is approximately 17.97 cm, which is similar to 
the simulation with tide forcing only.  
 
 
 
 
Figure 3.  Long-term simulation results with tide forcing only. Top: Initial 
bed level. Bottom: Bed level after 100 years. 
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C. Ongoing parameter studies 
Although the simulation results with different forcing for 
a period over 100 years show that reasonable bed evolutions 
can be computed, there are important parameters that require 
further investigation. First results for the influence of the 
active layer thickness on the tidal flat volume and the bed 
evolution computed with two different grid resolutions are 
described hereinafter. 
1) Development of tidal flat volume: In general, 
sediment transport takes place within a specific sediment 
layer at the bed surface and the total amount of sediment is 
restricted by a non-erodible bottom. As a result, when 
solving the bed evolution equation numerically, these two 
parameters restrict the amount of sediment that is available 
for transport each time step. Therefore, and with respect to a 
wave-influenced model domain, parameter studies with 
different active layer models (constant, as a function of 
mean grain diameter, as a function of the grain diameter and 
the predicted wave-induced ripple height) are currently 
executed.  
First results for a simulation period of 10 years with tide, 
wind and wave influence using the Bailard and the Bijker 
transport formulas show Fig. 6. Herein, the development of 
the tidal flat volume is illustrated for global constant values 
and as a function of the mean grain diameter at each node. 
The constant active layer thickness was set to 1.0 x 10-4 m, 
1.0 x 10-3 m and 1.0 x 10-2 m. These values correspond to 
dimensions in a range of the mean grain diameter up to 
wave-induced ripple heights.  
 
Figure 6.  Development of tidal flat volume for different active layer 
thicknesses for the period 1998 to 2006 with tide, wind and wave forcing. 
As expected, the tidal flat volume shows a strong 
dependence on the chosen thickness. When the active layer 
thickness increases, more sediment is deposited at the tidal 
flats. Nearly the same volume change can be obtained with a 
constant value as well as with an active layer thickness 
calculated from the local sediment distribution. For 
evaluating the model performance with respect to the global 
volume balance a constant value seems to be sufficient, but 
indeed the morphological development is different. On the 
other hand, an active layer thickness equal three times the 
mean grain diameter combined with the Bijker formula 
results in a smaller volume change compared to that 
calculated with the Bailard formula. Since the later formula 
predicts in general higher bed load sediment transport 
capacities in our simulation model, it is more sensitive to the 
active layer thickness, which can act as a limiting factor. 
Therefore, the quality of simulation results in comparison to 
measurements has to be estimated to identify the appropriate 
active layer model with respect to the transport formula for 
the German Bight model. 
2) Influence of grid resolution: The results presented in 
the previous sections where obtained with a grid resolution 
that is – compared to small and medium scale morphological 
features – relatively coarse. Especially tidal channels and 
tidal creeks are in some cases represented just by a few grid 
points. The coarse grid seems to be sufficient to investigate 
the large scale, long term sediment transport and 
morphodynamics in the German Bight, but it is important to 
know how large the influence of grid resolution on the 
simulation results is. For that reason a refined mesh based 
on the coarse grid was constructed with a constant edge 
length of 100 m in the coastal zone and a total of 2 million 
elements. 
The bed evolution for a 1 year simulation period 
(calendar year 2006) with the Bijker formula and tide forcing 
only is illustrated in Fig. 7. The coarse model (Fig. 7, top) 
shows well-defined deposition-erosions pattern (e.g. at “A”), 
while at the same time in some areas clear structures are hard 
to identify. The edge length varies in the depicted area 
between 450 m and 950 m. In contrast, the fine model (Fig. 
7, bottom) calculates a bed evolution that makes it even on 
small scales easy to recognize a morphodynamic trend, for 
example were dunes are present. Concerning the large scale 
bed evolution pattern, with both grids more or less matching 
results are obtained, for example at positions “A” and “B”. 
Note that the value of the bed evolution at a certain location 
cannot be the same since the element size is very different.  
These results indicate that the large scale morphodynamic 
behaviour can be represented quite well with a coarse grid. 
Below a certain scale level, only the fine model is able to 
produce plausible bed evolutions for small scale features. 
Subgrid models need to be implemented into the coarse grid 
model to simulate small scale morphodynamics and to take 
advantage of the smaller computational time.  
V. CONCLUSIONS 
This article introduces a numerical model for long-term 
morphodynamic simulations for the German Bight, with the 
aim to provide a tool for sustainable coastal management. 
First test cases with tide forcing and with tide, wind and 
wave influence show reasonable results and provide a first 
insight into the system behaviour of the German Bight. In the 
next stage further calibration and validation of the model as 
well as parameter studies, like for the active layer and the 
grid resolution as shown, are necessary to obtain more 
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reliable results. Furthermore, simulations with dredging and 
disposal activities over a period of 100 years should be 
carried out. 
 
 
 
 
Figure 7.  Bed evolution after 1 year (calendar year 2006) with tide forcing 
only. Top: Coarse model with 70.000 elements. Bottom: Fine mesh with 
about 2 million elements. 
ACKNOWLEDGEMENTS  
The presented work was conducted within the research 
project “AufMod” (Development of an integrated model 
system for analysing the long-term morphodynamics in the 
German Bight), which is a project of the Association for 
Research in Coastal Engineering (grant number 03KIS085), 
financially supported by the German Ministry of Education 
and Research. We would like to thank the Federal 
Waterways Engineering and Research Institute, Karlsruhe, 
Germany, for the support in running TELEMAC simulations 
on their high performance computer. We also would like to 
acknowledge Dr. Sandra Wappelhorst for double checking 
this article and improving the layout. 
REFERENCES 
[1] M. Zeiler, K. Schwarzer, and K. Ricklefs, “Seabed morphology and 
sediment dynamics,“ in Die Küste, vol. 74, 2008, pp. 31–44. 
[2] J.M. Hervouet and P. Bates, P., “The TELEMAC Modelling System,”  
Special Issue of Hydrological Processes, vol. 14, 2000. 
[3] Electricité de France, “TELEMAC User Manual Version 6.0,” Note 
technique, Electricité de France, Direction des Etudes et Recherches, 
Chatou Cedex, 2010. 
[4] Electricité de France, “TOMAWAC User Manual Version 6.1,” Note 
technique, Electricité de France, Direction des Etudes et Recherches, 
Chatou Cedex, 2011. 
[5] Electricité de France, “SISYPHE User Manual Version 6.0,” Note 
technique, Electricité de France, Direction des Etudes et Recherches, 
Chatou Cedex, 2010. 
[6] F. Lyard, F. Lefevre, T. Letellier, F. Thierry, O. Francis, “Modelling 
the global ocean tides: modern insights from FES2004,” in Ocean 
Dynamics, vol. 56(5-6), 2006, pp. 394–415. 
[7] Wasser- und Schifffartsamt Cuxhaven, “Elbe“, website, url: 
http://www.wsa-cuxhaven.de/wasserstrassen/Elbe/index.html, 2012. 
[8] Niedersächsischer Landesbetrieb für Wasserwirtschaft, Küsten- und 
Naturschutz, “Deutsches Gewässerkundliches Jahrbuch – Weser- und 
Emsgebiet,“ Norden, 2006.  
 
44
